I. INTRODUCTION
More than one third of the population will experience dizziness at least once in their lifetime. Some individuals develop permanent balance deficits. For elderly individuals (over 65 years) dizziness is a very common reason for visiting a physician and a significant risk factor for falls. Falls have been estimated to be the leading cause of serious injury and death in older citizens. Early, personalized treatment can prevent falls.
Vestibular rehabilitation therapy (VRT) [1] for persons suffering from dizziness and balance impairments has been shown to be effective [2] . VRT is designed to boost central vestibular compensation [3] , decreases duration and intensity of symptoms such as dizziness and postural instability [4] , reduces visual dependency (initially caused by deregulation after vestibular failure) [5] and lessens the number of falls and fear of falling [6, 7] , as well as dizziness related distress, while increasing functional ability and Quality of Life (QoL) in individuals with vestibular disorders through the re-weighting of sensory inputs. The most beneficial way of maximizing improvements is via a customized and supervised rehabilitation protocol rather than a generalized exercise regime [8, 9] . Vestibular rehabilitation is a safe, effective management for unilateral peripheral vestibular dysfunction and is currently considered the best available option to resolve symptoms and improve functioning in the medium term [4] . Recently, clinical practice guidelines for peripheral vestibular hypofunction and benign paroxysmal positional vertigo provide the option that clinicians may offer self-administered vestibular rehabilitation [10, 11] .
Still, VRT does not always provide full relief of symptoms and the outcomes differ from patient to patient even when they have the same diagnosis and similar symptoms. In this study, we analyze two retrospective datasets with data mining techniques to further explore the factors that may affect recovery and lead to poor outcomes in order to provide additional evidence to the clinicians and support them in deciding which patients should undergo vestibular rehabilitation and indicate the likely prognosis when VRT is prescribed.
Most of the previous work has been aimed at the application of data mining methods for the classification of patients in diagnostic groups [12] [13] [14] [15] . This study aims to apply data mining techniques to explore factors (age, symptom severity, diagnosis etc.) that might affect the outcome of the VRT intervention negatively, i.e. focuses on prognosis.
II. METHODS

A. EMBalance Dataset
This retrospective dataset, that was built for the development of the EMBalance Decision Support System (DSS) [16] , includes data from 1010 patients diagnosed with peripheral and central vestibular disorders (unilateral peripheral dysfunction/failure, psychological disorders, bilateral vestibular failure/dysfunction, cerebellar/pontine lesion, acoustic neuroma, chronic subjective dizziness, persistent postural-perceptual dizziness (PPPD), vestibular neuritis, Menière's disease, migrainous vertigo, vestibular paroxysmia, typical and atypical posterior benign paroxysmal positional vertigo (BPPV), that were collected from the National Hospital for Neurology and Neurosurgery, Queen Square, UK, the 1st Department of Otolaryngology, National Kapodistrian University of Athens (NKUA), Greece, the University of Antwerp, Belgium and the University Clinic of Freiburg, Germany. These data contained more than 160 features (variables), including patients' demographics, medical and disease related history, clinical and laboratory examination results (including auditory tests), treatment (besides medication) and medication (see Table I ). Moreover, detailed information on symptoms related to the condition, symptoms duration, symptom free intervals, association between symptoms and relevant triggers were included.
B. NKUA Dataset
This retrospective dataset includes data from 200 patients diagnosed with peripheral and central vestibular disorders that were collected from NKUA, Greece. These data contained: Patient age/gender, duration of symptoms and diagnosis at baseline (unilateral peripheral dysfunction/failure, psychological disorders, bilateral vestibular failure/ dysfunction, cerebellar/pontine lesions, acoustic neuroma, chronic subjective dizziness, persistent postural-perceptual dizziness (PPPD), vestibular neuritis, Menière's disease, vestibular migraine, vestibular paroxysmia, typical and atypical posterior benign paroxysmal positional vertigo (BPPV), and measurements of the most commonly parameters used in the literature outcome measures, the Dizziness Handicap Inventory (DHI) [17] and the Functional Gait Assessment (FGA) [18] scores at baseline and at follow up.
C. Evaluation of vestibular rehabilitation outcomes
In both the EMBalance and the NKUA datasets the case explored was whether the symptoms were improved or not with vestibular rehabilitation being part of the treatment. In the EMBalance dataset the evaluation of the vestibular rehabilitation outcomes was performed within two consecutive visits, comparing patient's evaluation outcomes between the first visit and the follow-up visit to assess the response to treatment (i.e. patient's condition improved or not improved). In the NKUA dataset the difference in pre-and post-rehabilitation scores of 18 points for DHI [17] was used in order to define improvement.
D. Data pre-processing
The EMBalance dataset has great heterogeneity in the recorded data, since the aim during development was not focused on the evaluation of vestibular rehabilitation outcomes as was the case in the NKUA dataset. Thus, some refinement of data from the EMBalance dataset was undertaken to enable feature selection and classification for this study. Initially, patients who had not performed vestibular rehabilitation during their treatment were removed, as were patients who had performed vestibular rehabilitation but the outcome of their treatment was not evaluated or reported to ensure that there were no missing values in the class attribute. The data of the remaining patients were then reviewed to remove patients and features with many missing values or features that had a single, unique value across all cases, as they had no class discrimination potential. Finally, manual inspection of the remaining features was also performed to remove those which were irrelevant to the classification task (e.g. patient IDs, evaluation centers, dates, etc.). Applying the above methodology, resulted in a version of the EMBalance dataset that included 247 patients with vestibular rehabilitation as a module of their treatment plan, with 147 patients characterized as "Improved" and 100 patients as "Not improved". The number of features was reduced to 146. The NKUA dataset did not require any preprocessing and the evaluation dataset included all 200 patients, with 136 cases characterized as "Improved" and 64 as "Not improved", respectively, with six features being available. The extracted features for both datasets are reported in more detail in Table I .
E. Feature selection and classification
An extensive search was performed in the available feature space for each dataset (Table I) to isolate the most informative features suggestive of a poor response to vestibular rehabilitation, using the best-first search algorithm. The best-first is an iterative algorithm starting from single feature nodes and adding an extra feature at a time, in the search for an optimal subset of features that maximizes classification accuracy. Nodes continue to expand with more features added at each step until there is no increase in classification performance using the training instances. Then the subset of features that offered the highest accuracy using the minimum amount of features is selected for validation with the testing dataset. For a more robust evaluation, 10-fold cross-validation is performed by splitting the available instances into ten groups, using one for testing and the remaining for training interchangeably.
For the actual classification process the Repeated Incremental Pruning to Produce Error Reduction, RIPPER algorithm is used. RIPPER is a rule learning-based classifier which provides classification rules that can be easily interpreted in human language ("If (condition1) and/or (condition2) then class=…"). Other treatment 11
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Age, Gender, Duration of symptoms, Diagnosis, DHI score (baseline), FGA score (baseline) obtaining rules that are easy to interpret is that the reasoning behind the classification can be assessed by nonmachine learning experts, such as the clinical users targeted in this study, adding more value to the extracted feedback. Finally, in cases where there is significant difference between the number of instances of the two classes, cost-sensitive classification is used to negate the effects of class imbalance in classification performance. The classifier is developed using the Weka API, an open source collection of machine learning algorithms for data mining, issued under the GNU General Public License.
III. RESULTS
In order to consider any given classification results as significant and informative, a sensitivity and specificity >= 0.7 was required in both cases. The extracted rules are provided in terms of classification significance using the convergence to false positive ratio: e.g. (100.0/11.0) means that the rule applied to 100 patients with 11 false positives and, thus, 89 true positives. Classification rules with low impact were omitted to keep the size of the presented results within reason. Below we present the most significant classification results for each dataset.
A. EMBalance analysis results
The factors that seemed to be associated with deterioration of symptoms despite ongoing or completed VRT and their significance are depicted in Table II . We notice that diagnosis of psychological disorders, of Migraine Vertigo (MV) and of Unilateral Peripheral Vestibular Dysfunction (UPVD) is suggestive of suboptimal results from VRT. Moreover, symptoms such as headaches and hearing loss can also be associated with poor VRT results, while symptoms very common in bilateral vestibulopathy (BVP) such as having difficulty walking in darkness or on uneven surfaces and oscillopsia can also be associated with the effectiveness of VRT. Having oscillopsia 4.0 0.0
B. NKUA analysis results
The factors that seemed to be associated with deterioration of symptoms despite VRT in the NKUA dataset are the early onset of symptoms and the limited postural stability during walking, as depicted in Table III . Tables II and III do not necessarily imply causation and the discussion of findings is not straightforward in such retrospective datasets, as there is a number of potential confounders. From the datasets themselves we note that not all patients undergoing vestibular rehabilitation as a module of their management plan improve. In fact, in the NKUA dataset 68% of the patients (136 of 200) improved at discharge.
The clinical practice guidelines [10] are consistent about the factors that negatively affect the outcomes of vestibular rehabilitation, including longer duration of symptoms (Table III) , patient comorbidities such as migraine and psychological factors such as anxiety (Table  II) . Comorbid psychologic disorders (neuroticism, introversion, catastrophizing) can have a negative effect in rehabilitation and are associated with worse outcomes [19] . Furthermore, research supports the use of psychological input to complement vestibular rehabilitation in an effort to achieve better outcomes for patients with anxiety [20] .
The findings suggest that diagnosis of vestibular migraine is indicative of overall poor outcomes from vestibular rehabilitation. In our study this may be attributed to the fact that we do not compare outcomes at discharge but at varying timepoints for different patients. Still, these findings are consistent with the availability of weak data (no current randomized trials on efficacy) supporting the effectiveness of VRT in the management of vestibular migraine [21] , [22] and thus more evidence is required to establish an effect. Vestibular migraine patients are likely to require longer follow up and longer time to improve. Subcategorizing migraineurs based on number of episodes per month, duration and intensity of symptoms and levels of anxiety, as well as investigating optimal dosage of visual exposure could be the future clinical questions for the improvement of the effectiveness.
The finding that the diagnosis of unilateral peripheral vestibular dysfunction/failure may be suggestive of poor outcomes from VRT is in contrast to recent reviews which report moderate to strong evidence that vestibular rehabilitation is a safe, effective management for UPVD [23] . Sensory and/or visual dependency that may result from dysfunction/failure could be considered as a strong factor for poor improvement. This finding is interesting and will be studied more in future studies from the group.
Moreover, vestibular rehabilitation has been found to improve headache in patients with vestibular migraine and in patients with dizziness and tension-type headache [24] . Even, in this study the improvement in dizziness was more significant in patients with VM than those with comorbid tension-type headache which is consistent with our findings since headache in our dataset also included comorbid tension-type. Furthermore, the symptoms difficulty of walking in darkness, difficulty walking on uneven surfaces and oscillopsia are the major symptoms of BVP [25] . VRT is indeed useful for treating chronic BVP, but the reasons why a limited number of patients show improvement are to be defined [26] .
Overall, poor results from VRT may be attributed to multiple biological, psychological and social factors which are affecting the medical profile of patients and therefore their behavior towards symptoms. From a clinicians' perspective, poor outcome could be due to the lack of optimal exercise dosage, low levels and form of supervision, lack of motivation and inappropriate forms and level of rewards. Novel technological achievements towards real time monitoring and mixed reality environments are promising for enhanced adherence and compliance.
V. CONCLUSIONS
We have shown that data mining can be useful for analyzing retrospective datasets and confirm findings for VRT that agree with recent literature and more focused clinical studies exploring specific aspects of VRT.VRT is traditionally a good choice for patients with unchanging symptomatic vestibular deficits that have not resolved with spontaneous vestibular compensation. In fact, patients with unstable lesions, i.e. those with fluctuating symptoms of imbalance, those with mental comorbidities (especially anxiety) and those having headaches as a comorbid symptom are not good candidates for VRT. Patients considered for VRT should have stable central or peripheral vestibular deficits, of recent onset and as relatively intact psychological, acoustic, visual and proprioceptive systems. 
